Introduction
B-cell chronic lymphocytic leukemia (B-CLL) is characterized by the progressive accumulation of small malignant B cells, which are arrested in the G 0 phase of the cell cycle. 1 In the peripheral blood, B-CLL cells express high levels of the cell cycle inhibitor p27, 2 but B-CLL cells with low expression of p27 have been identified in so-called proliferation centers in lymph nodes and bone marrow. 3 Interestingly, clusters of survivin and Ki67-positive cells were observed in the bone marrow and lymph nodes of B-CLL patients, interspersed with CD3-positive T lymphocytes. 4 Survivin is a member of the family of inhibitors of apoptosis proteins (IAP) 5 and is expressed in the G2/M phase of the cell cycle. 6 Proliferation of B-CLL cells might be dependent on the pseudofollicle microenvironment, 7 where infiltrating autologous T cells can provide CD40 stimulation and cytokines. 4, 8, 9, 10 These cycling cells are thought to represent the proliferating compartment of B-CLL and might be important for disease progression. 4 Therefore, effective drugs for treatment of this still-incurable disease should be targeted against the proliferating pool rather than the accumulating pool of cells. However, B-CLL cells separated from the peripheral blood display a marked hyporesponsiveness to a variety of polyclonal B-cell activators. 11, 12 Thus, the effect of chemotherapeutic agents or cell cycle inhibitors on cycling cells has not been investigated in B-CLL. However, normal and malignant B cells are highly susceptible to stimulation with immunostimulatory CpG-oligonucleotides (ODN). [13] [14] [15] We have previously shown that a high percentage of B-CLL cells traverse the cell cycle upon stimulation with CpG-ODN and interleukin-2 16 (IL-2) and have investigated the expression of the cyclin-dependent kinase (cdk) inhibitor p27, cyclin D2, and cyclin D3 in this in vitro model of cycling B-CLL cells. 17 Rapamycin is a streptomyces derivative that modulates signal transduction pathways that link mitogenic stimuli to the synthesis of proteins regulating cell cycle progression. 18 Rapamycin is widely used as an immunosuppressant in organ transplant recipients and has shown limited toxicities even in combination schedules with other immunosuppressants like cyclosporine or corticosteroids. 19, 20 The intracellular rapamycin receptor is a small protein termed FKBP12 (FK506-binding protein). 21 The FKBP-rapamycin complex inhibits the function of a serine/threonine kinase, mTOR (mammalian target of rapamycin), thereby blocking stimulation of the ribosomal s6 kinase p70s6 kinase (p70 s6k ). P70 s6k in turn phosphorylates the 40s ribosomal protein S6, which favors translation of mRNAs that encode ribosomal proteins and elongation factors. 18, 22 Another target of mTOR is a low-molecular-weight repressor of translation initiation termed phosphorylated heat-and acid-stable protein regulated by insulin (PHAS-I). Phosphorylation of PHAS-I results in its dissociation from eukaryotic initiation factor (eIF)-4E and increases eIF-4E-dependent translation initiation. 23, 24 While the potential of rapamycin varies between different cell types, 18 it has been reported to inhibit cell cycle progression in a variety of cell types, including human T cells and B cells. 25, 26 In addition, rapamycin has in vitro and in vivo activity against a broad range of human tumor cell lines [27] [28] [29] and is considered to represent a promising new class of cytostatic anticancer agents. 30 In the present study, we have analyzed the effect of rapamycin on cell cycle progression and expression of cell cycle regulatory molecules in a model of proliferating B-CLL cells to better define a potential role for this drug in therapy of B-CLL patients.
Patients, materials, and methods

Cell samples
After informed consent, peripheral blood was obtained from patients with the diagnosis of B-CLL according to clinical and immunophenotypic criteria. Patients were either untreated or had not received cytoreductive chemotherapy for a period of at least 3 months prior to investigation. At the time of analysis all patients were clinically stable, free from infectious complications, and undergoing routine clinical outpatient review.
Reagents and antibodies
The CpG ODN DSP30 (TCGTCGCTGTCTCCGCTTCTTCTTGCC) 13 was used single stranded, phosphorothioate stabilized, and synthesized by TibMolBiol (Berlin, Germany). Murine monoclonal antibodies (mAbs) specific for p27, cyclin D2, cyclin D3, and retinoblastoma protein were purchased from Pharmingen (San Diego, CA). Phospho-p 70 S6k (Thr389) mAb, p70 S6k mAb, and total cell extracts from 293 cells, prepared with and without serum, were purchased from New England Biolabs (Schwalbach, Germany). mAbs specific for cdk2, cdk4, cyclin A, cyclin E, and survivin were from Santa Cruz Biotechnology (Santa Cruz, CA); mAb specific for actin was obtained from Sigma (Deisenhofen, Germany). IL-2 was obtained from Pepro Tech (London, United Kingdom), and IL-10 was purchased from R&D Systems (Wiesbaden, Germany). Rapamycin was obtained from Sigma.
Separation procedures
Peripheral blood mononuclear cells (PBMNCs) were isolated from heparinized blood samples by centrifugation over a Ficoll-Hypaque layer (Biochrom, Berlin, Germany) of 1.077 g/mL density. For separation of CLL-B cells, PBMNCs were incubated with anti-CD2 and anti-CD14 magnetic beads (Dynabeads M450; Dynal, Oslo, Norway) according to the manufacturer's instructions. Such prepared B cells from CLL patients were more than 98% pure as assessed by direct immunofluorescence using a Coulter Epics XL (Coulter, Hamburg, Germany). Purification of tonsillar B-cell fraction was performed by negative selection as described for CLL-B cells.
Culture conditions
Purified normal and leukemic B cells were cultured in RPMI 1640 medium (Biochrom) supplemented with 10% fetal calf serum (Biochrom); penicillin/ streptomycin, 50 IU/mL; Na-pyruvate, 1 mM; L-glutamine, 2 mM; Lasparagine, 20 g/mL; 2-mercaptoethanol, 0.05 mM; HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 10 mM; and minimum essential medium (MEM) nonessential amino acids, 0.7 ϫ (Biochrom) at 37°C and 5% CO 2 in a fully humidified atmosphere in 12-well plates at 5 ϫ 10 6 cells in a total volume of 5 mL. HeLa cells stably expressing the CD40 ligand (CD40LH) were kindly provided by C. Wendtner, Medical Clinic III, University Hospital Grosshadern, Ludwig-MaximiliansUniversity, Munich. 
Cell cycle analysis
Approximately 10 6 cells were collected and fixed overnight in 70% ethanol at 4°C. Cells were then washed and stained with propidium iodide (PI; Sigma) 5 g/mL in the presence of DNAse-free RNAse (Sigma). After 30 minutes at room temperature, the cells were analyzed via flow cytometry using a Coulter Epics XL cytofluorometer (Hamburg, Germany), acquiring 10 000 events.
Immunoblotting
A total of 1 to 2 ϫ 10 7 cells were lysed as previously described 17 VO 4 , and 10 mg/mL each phenantroline, aprotinin, leupeptin, and pepstatin) for 20 minutes at 4°C. Lysates were spun at 12 000 rpm for 20 minutes and supernatant collected. Protein concentration was assessed by the Bio-Rad assay method (Bio-Rad Laboratories, Munich, Germany). Total extracts (50 g/lane) were subjected to 12% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) (7.5% for detection of the RB protein, 10% for detection of p70s6 kinase), and blotting was performed on polyvinylidenefluoride membranes (Immobilon-P; Millipore GmbH, Bedford, MA). Blots were developed using SuperSignal chemoluminescent substrates from Pierce Chemical Company (KMF GmbH, Sankt Augustin, Germany). To control for equal protein loading, amido black staining was performed (data not shown).
In vitro kinase assay
For RB kinase assays, whole-cell extracts were prepared by resuspending the cells on ice in Tween 20 lysis buffer, 50 mM HEPES (ph 7.5 150 mM NaCl, 1 mM EDTA [ph 8.0], 2.5 mM EGTA [ethyleneglycoltetraacetic acid] [ph 8.0], 0.1% Tween 20, 10% glycerol, 1 mM DTT [dichlorodiphenyltrichloroethane], 1 mM NaF, 0.1 mM Na 3 VO 4 , and 10 mg/mL of each phenantroline, aprotinin, leupeptin, and pepstatin). Cell lysates were precleared by incubation with a polyclonal rabbit anti-mouse antibody and protein A-Sepharose. Immunoprecipitation of cyclin E and cdk2 complexes was performed as described previously. 17 After washing 2 times in Tween 20 lysis buffer, once in Tween lysis buffer containing 500 mM NaCl, once in H 2 0, and 3 times in kinase buffer, 50 mM HEPES (ph 7.5 10 mM MgCL 2 , 1 mM DTT, 2 mM EGTA, 1 mM NaF, 0.1 mM Na 3 VO 4 , 10 mM ␤-glycerophosphat), the reaction was started in 25 L kinase buffer containing 20 mol/L adenosine triphosphate (ATP), 0.5 g histone H1 (Upstate Biotechnology, Lake Placid, NY), 10 Ci (0.37 MBq) ␥ 32 P ATP (5000 Ci [185 000 GBq]/mmol; Amersham, Freiburg, Germany). After 30 minutes at 30°C, the reaction was terminated by boiling the samples in 2ϫ SDS sample buffer for 10 minutes. The phosphorylated substrate was then identified by resolution in 10% SDS-PAGE followed by drying and autoradiography.
Flow cytometric analysis of apoptosis
To determine apoptosis-associated parameters, purified B cells were cultured either in medium alone or together with DSP30 (1 M) and IL-2 (100 U/mL) with or without rapamycin at 50 ng/mL. The samples were washed with phosphate buffered saline (PBS) and resuspended in 500 L binding buffer (Annexin V-FITC Kit; Immunotech, Marseille, France), containing 1 L of annexin V-fluorescein isothiocyanate (FITC) stock and 5 L of 20 g/mL PI for determination of phosphatidylserine (PS) exposure on the outer plasma membrane. After incubation for 10 minutes at room temperature in a light-protected area, the specimens were quantified by flow cytometry using a Coulter Epics XL cytofluorometer, acquiring 5000 events. Viable cells were annexin V-and PI-negative.
DNA fragmentation assay
To identify fragmented DNA, a terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay was performed and assessed by cytometry (Boehringer Mannheim, Indianapolis, IN). Then, 10 6 cells per sample were washed in PBS and fixed in 2% paraformaldehyde for 30 minutes at room temperature. After fixation, the cells were washed twice in PBS containing 0.01% bovine serum albumin and resuspended in TUNEL reaction mixture containing fluorescein dUTP. Fluorescein incorporated in DNA strand breaks was detected by flow cytometry.
Results
Rapamycin induces G 1 arrest in cycling B-CLL cells
The effect of rapamycin on cycling B-CLL cells was investigated in B-CLL cells activated with the CpG-ODN DSP30 and IL-2. Rapamycin was added at concentrations ranging from 0.5 to 50 ng/mL to activated B-CLL cells. After 72 hours, thymidine incorporation was strongly reduced in B-CLL cells cocultured with rapamycin in concentrations above 1 ng/mL, and maximal suppression was observed at concentrations above 10 ng/mL. One representative experiment of 3 performed is demonstrated in Figure  1A . In addition, we observed a near to complete inhibition of thymidine incorporation in 13 different patient samples using rapamycin at a concentration of 50 ng/mL ( Figure 1B) . The patient characteristics are provided in Table 1 .
Inhibition of cell cycle progression also could be observed when rapamycin was added at a later time point, but maximal suppression of thymidine incorporation was noted at higher concentrations ( Figure 1C ). To further investigate the effect of rapamycin on cycling B-CLL cells, PI stains were performed in 3 independent samples. One representative example is depicted in Figure 2 .
While nearly all cells were arrested in the G 0 /G 1 phase after culture in medium alone, stimulation with DSP30 and IL-2 caused a significant entry of B-CLL cells into the cell cycle with a large fraction of cells in the S/G2/M phase. However, addition of rapamycin induced a complete G 1 arrest in these activated B-CLL cells ( Figure 2 ). We confirmed our results in a coculture system with CD40 ligand expressing HeLa cells (CD40LH cells) in 3 independent samples. In line with previous results, 12 CD40 ligation alone was not sufficient to induce strong proliferation in 2 of 3 B-CLL samples. Therefore, we also stimulated B-CLL cells with CD40LH, IL-2 (100 U/mL), and IL-10 (1 ng/mL), a combination known to provide maximal stimulation for B-CLL cells. 31 Table 2 shows the results of a thymidine assay that was performed with 3 different samples. Importantly, rapamycin was able to inhibit the proliferation induced by CD40LH alone or by the combination of CD40LH, IL-2, and IL-10. Rapamycin also inhibited DSP30-IL-2-induced proliferation in cells from these patients ( Table 2) .
Purified B-CLL cells 10 5 were cultured in medium alone or in the presence of 10 4 irradiated HeLa cells stably expressing the cd40 ligand (CD40LH), IL-2 (100 U/mL), IL-10 (1 ng/mL), or rapamycin (Rap) (50 ng/mL), as indicated. After 120 hours, thymidine was added for an additional 8 hours of culture, and thymidine incorporation was assessed as described in "Patients, materials, and methods." In an independent experiment, cells from the same patients were cultured with DSP30 and IL-2 with or without rapamycin for 72 hours, and thymidine incorporation was quantified as described in "Patients, materials, and methods." Treatment of lymphoid or nonlymphoid cells with rapamycin virtually abrogates the activation of p70s6 kinase by a diversity of mitogenic stimuli, but other mechanisms might be involved. 18 To date, activation of the p70 s6k has not been described in B-CLL. Phosphorylation of p70 threonin 389 is closely associated with kinase activity. 32 Therefore, we analyzed phosphorylation of p70 s6k in B-CLL cells stimulated with DSP30 and IL-2 with or without rapamycin using an mAb specific for p70 s6k phosphorylated at threonin 389. As a positive and negative control, we included total cellular extracts from 293 cells cultured with serum (positive control) or without serum (negative control). While low levels of phosphorylation were observed at early time points, phosphorylation increased after 12 and 24 hours of stimulation and could be completely inhibited by rapamycin (Figure 3 ).
Analysis of proteins regulating early G 1 progression in cycling B-CLL cells in response to rapamycin
We have previously demonstrated that G 1 progression in B-CLL cells is controlled by cyclin D2, cyclin D3, the cdk inhibitor p27, and cdk4. 17 To determine whether rapamycin affected the expression of cyclin D2, cyclin D3, cdk4, or the cdk inhibitor p27, total cell lysates were subjected to Western blotting after 24 to 72 hours of culture in the presence of DSP30 and IL-2 with or without rapamycin. The time kinetics of thymidine incorporation over a period of 72 hours also are provided in Figure 4A . In contrast to normal tonsillar B cells ( Figure 4D ), p27 levels were not restored to baseline levels but remained undetectable in rapamycin-treated B-CLL cells. Up-regulation of cyclin D2, which is strongly expressed in activated B-CLL cells, was not affected but seemed to be rather prolonged, with a stronger expression after 72 hours of culture. In contrast, cyclin D3 expression was not detectable when cells were cultured in the presence of rapamycin. The expression of cdk4, which is the catalytic partner of cyclin D2 and cyclin D3 in B-CLL cells, and cdk6 were not significantly changed in rapamycintreated cells ( Figure 4B ). In line with the proliferation data, RB phosphorylation was diminished in these cells, although expression was slightly increased ( Figure 4C ).
Analysis of proteins regulating late G 1 progression and G 1 /S transition in cycling B-CLL cells in response to rapamycin
Expression of cyclin E, cyclin A, and cdk2, which regulate G 1 progression and the G 1 /S transition in normal and malignant cells, 33 has not been described in proliferating B-CLL cells so far. Cdk 2 and cyclin E were both expressed in nonstimulated B-CLL cells. While cdk2 was regulated only slightly upon stimulation with DSP30 and IL-2, cyclin E expression was strongly increased in activated cells. However, upregulation of cyclin E was not observed in rapamycin-treated B-CLL cells. In addition, cyclin A, which is not only involved in G 1 /S phase transition but also in S phase progression, 34 was expressed at later time points in proliferating B-CLL cells, but cyclin A expression was not observed in rapamycin-treated cells ( Figure 5A ). To further examine whether reduced levels of cyclin E and cyclin A were associated with reduced kinase activity, we performed in vitro histone H1 kinase assays with cdk2 immunoprecipitates. In vitro cdk2 kinase activity could be detected after 48 hours in activated B-CLL cells and peaked at 72 hours. We included cdk2 immunoprecipitates from proliferating and serumstarved raji-lymphoma cells as positive and negative controls, respectively. Corresponding to the reduced cyclin E and cyclin A expression, in vitro cdk2 kinase activity was reduced to baseline levels in B-CLL cells that were cultured in the presence of rapamycin ( Figure 5B ).
Rapamycin prevents up-regulation of survivin in activated B-CLL cells
Survivin is a member of the family of inhibitor of apoptosis proteins 5 and interfaces cell cycle progression and apoptosis. 6 A prominent role in the pathophysiology of B-CLL has been described recently when survivin was found to be expressed in proliferation centers in lymph nodes and bone marrow. 4 Therefore, we analyzed the expression of survivin using Western blots in activated B-CLL cells and B-CLL cells treated with rapamycin. In 3 samples tested, we observed no baseline survivin expression, but strong expression was noted in B-CLL cells stimulated with CpG-ODN and IL-2 after 72 hours of activation. Survivin could not be detected when B-CLL cells were cultured in the presence of rapamycin at 50 ng/mL. One representative experiment is shown in Figure 6 .
Rapamycin does not affect apoptosis in cycling or resting B-CLL cells
Rapamycin is a potent inducer of G 1 arrest in cycling B-CLL cells. Its potential to induce or prevent apoptosis remains controversial. 18 ,26-29 Although rapamycin's mode of action is thought to be 10 5 purified B-CLL cells were cultured in medium alone or in the presence of 10 4 irradiated HeLa cells stably expressing the CD40 ligand (CD40LH), IL-2 (100 U/mL), IL-10 (1 ng/mL), or rapamycin (50 ng/mL) as indicated. After 120 hours, thymidine was added for an additional 8 hours of culture, and thymidine incorporation was assessed as described in "Patients, materials, and methods."
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For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From cytostatic and not cytotoxic, 30 a G 1 arrest in the proliferating compartment of B-CLL cells might theoretically result in decreased apoptosis. This would be a strong argument against rapamycin as a new drug for B-CLL patients. Therefore, we analyzed the effect of rapamycin on apoptosis of activated and resting B-CLL cells and performed annexin V assays after 48 and 72 hours in B-CLL cells cultured in medium alone or with DSP30 and IL-2 (stimulated/ activated). The mean percentages of viable cells (annexin and PI negative) from 5 independent experiments are shown in Figure 7A . We confirmed our results with TUNEL staining in 2 different samples, which demonstrated a slight increase of DNA degradation. One experiment is shown in Figure 7B . Therefore, rapamycin has only limited effects on apoptosis in cycling or resting B-CLL cells.
Discussion
B-CLL cells are arrested in G 0 phase of the cell cycle 1 and demonstrate a marked hyporesponsiveness to a variety of polyclonal B-cell activators. 11, 12 However, strong proliferative responses can be induced in T-cell B-CLL cocultures 9, 10 or in the presence of CD40 ligand-transfected cell lines together with IL-2 and IL-10. 31 These proliferative signals can be derived from infiltrating T helper cells, 8, 9, 10 which are part of the microenvironment of B-CLL proliferation centers in vivo. 4, 7 Cycling B-CLL cells from this proliferating compartment might feed the pool of small resting B-CLL cells in the accumulating compartment. 4 These cells have been described to express survivin and Ki-67 4 and display decreased expression of the cdk inhibitor p27. 3 We recently have described an in vitro model of proliferating B-CLL cells that allows investigation of cell cycle regulatory proteins in the absence of "contaminating" T cells or HeLa cells. 16 A high percentage of B-CLL cells traverse the cell cycle upon stimulation with CpG-ODN and IL-2, and G 1 progression is controlled by cyclin D2, cyclin D3, p27, and cdk4. 17 Rapamycin and its derivative, CCI-779, are considered to represent a new class of "cytostatic" anticancer agents. 30 These substances have displayed in vitro and in vivo activity against a large range of solid tumors and lymphomas, [28] [29] [30] 35, 36 and CCI-779 is currently being tested in phase 1 clinical trials. 37 Phosphatase and tensin homolog deleted on chromosome 10 (PTEN)-deficient tumors and tumors with constitutively activated akt kinase or p70s6 kinase seemed to be especially susceptible to rapamycin treatment. [38] [39] [40] P70s6 kinase function is essential for G 1 progression by regulating the translation of a subset of mRNAs whose protein products are required for progression through the G 1 phase of the cell cycle. 41, 42 As expected, rapamycin did not affect cell cycle distribution of resting B-CLL cells (Figure 2) . However, addition of rapamycin caused a dose-dependent inhibition of thymidine incorporation in B-CLL cells activated with CpG-ODN DSP30 and IL-2 ( Figure  1A) . At a concentration of 50 ng/mL, a near to complete inhibition of proliferation was observed in 13 different B-CLL samples ( Figure 1B , P Ͻ .001). PI stains confirmed that rapamycin caused a G 1 arrest in activated B-CLL cells (Figure 2 ). Importantly, cell For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From cycle arrest also occurred after delayed addition of rapamycin to the cultures.
We were able to confirm the results of our in vitro model in B-CLL cells activated with CD40LH with or without IL-2 and IL-10 ( Table 2 ). CD40 ligand, IL-2, and IL-10 are considered to be in vivo proliferation signals provided by autologous T cells. 7 However, stimulation with CpG-ODN and IL-2 was more reliable and allowed us to perform analysis of cell cycle regulatory proteins in the absence of "contaminating" HeLa cells.
Because rapamycin exerts much of its activities through inhibition of p70 S6k phosphorylation 18, 22 and p70 S6k recently has been reported to regulate cell cycle progression in human B cells, 43 we analyzed phosphorylation of p70 S6k in B-CLL cells activated with DSP30 and IL-2. We observed Thr 389 phosphorylation of p70 S6k in B-CLL cells upon activation with DSP30 and IL-2 that could be inhibited by rapamycin (Figure 3) . Phosphorylation peaked at late time points, which might be explained by the formation of IL-2 high-affinity receptors upon stimulation with DSP30 22 and subsequent IL-2 signaling events.
Rapamycin can block G 1 to S-phase transition in a number of cell types by blocking growth factor-stimulated elimination of the cdk inhibitor p27. 26, 33, 44 In contrast to our findings in tonsillar B cells, we observed no up-regulation of p27 in rapamycin-treated B-CLL cells (Figure 4) . Therefore, we went on to analyze the expression of cyclin D2, cyclin D3, cyclin E, and cyclin A, which are important for regulating progression through the G 1 phase and transition from the G 1 to S phase of the cell cycle. 34 Treatment with rapamycin prevented RB phosphorylation in B-CLL cells without affecting the expression of cyclin D2, but cyclin D3 was no longer detectable in rapamycin-treated B-CLL cells (Figure 4 ). Although expression of early D-type cyclins was not influenced by rapamycin in activated T cells, 45 rapamycin caused cyclin D3 downregulation in a breast cancer cell line and in primary cultures of spermatogonia, 46, 47 suggesting that cyclin D3 expression is differentially regulated in different cell types.
In mid to late G 1 , cdk2-cyclin E and cdk2-cyclin A are sequentially activated and are needed for complete phosphorylation of RB. 34, 48 In addition to the inhibition of cyclin D3 up-regulation, we observed a striking effect of rapamycin on the expression of cyclin E and cyclin A, which resulted in a reduction of cdk2 kinase activity to baseline values ( Figure 5A-B) . Depending on the cell type, cyclin E expression was reported to be inhibited by rapamycin or not in previous studies. 49, 50 Cyclin A also has been described to be down-regulated by rapamycin treatment, 26, 50 but the observed reduced expression might also be a consequence of RB inactivation. 51 Therefore, rapamycin inhibits cell cycle progression by targeting cyclin D3, cyclin A, and cyclin E, which are all required for entry into S phase. 34 Recently, survivin, which is a member of the IAP family of proteins, 4 was demonstrated to be expressed in cycling B-CLL cells in proliferation centers in vivo, and survivin expression was induced in vitro upon CD40 stimulation. 4 It was postulated that survivin expression is important in the pathophysiology of B-CLL by interfacing proliferation and apoptosis. 6 Therefore, targeting survivin expression is a promising approach in tumor therapy. [52] [53] [54] Regulation of survivin expression by rapamycin has not been reported so far, but we observed a complete inhibition of survivin expression in rapamycin-treated cells ( Figure 6 ). Suppression of survivin expression in cycling B-CLL adds to the powerful effects of rapamycin treatment on cycling B-CLL cells.
Rapamycin failed to significantly enhance the percentage of cells undergoing apoptosis in cycling or resting B-CLL cells (Figure 7) . However, imatinib mesylate (Gleevec), which is the most successful example for targeted therapy, 55 also acts by inhibiting proliferation rather than by inducing apoptosis. 55, 56 We are currently investigating whether rapamycin sensitizes cycling B-CLL cells to apoptosis induced by chemotherapeutic drugs, as has been reported in lymphoblastoid cells. 57 The inhibitory effect of rapamycin on cycling B-CLL cells might be exploited therapeutically because activated B-CLL cells can be identified in the proliferation centers of lymph nodes, bone marrow, and the spleen and contribute to disease progression. 3, 4 In addition, the inhibitory effect of rapamycin on activated T cells, which might provide survival signals in proliferation centers, 7-10 is well documented and might contribute to a therapeutic effect. 26 Rapamycin might also reduce angiogenesis in the bone marrow by interfering with vascular endothelial growth factor (VEGF) signaling. 58 Increased angiogenesis and VEGF production both have been implicated in B-CLL pathophysiology. 59, 60 Rapamycin is widely used as an immunosuppressant in solidorgan transplant recipients with limited side effects, even in combination schedules. 19, 20 In addition, it has demonstrated a great potential to inhibit stent restenosis in patients with coronary heart disease. 61 Pharmacologic studies have revealed that plasma levels above 15 ng/mL are easily achievable and were well tolerated in patients treated with rapamycin. 62 This is important in view of the strong inhibitory effect of rapamycin on proliferating B-CLL cells at concentrations above 5 ng/mL ( Figure 1A) .
Because relapse seems to be inevitable in B-CLL cells even after complete remissions have been achieved, 63 a maintenance For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From therapy with rapamycin might be of value in delaying time to tumor progression, especially in patients at high risk for disease progression. Such a treatment schedule might not only be able to improve survival but might also strongly improve patients' quality of life. The potential for long-term therapy with rapamycin and its analog CCI-779 has been recognized recently in cancer patients, 64 and phase 1/2 studies of CCI-779 in cancer patients are currently being performed. 37 Therefore, phase 1/2 studies with rapamycin will soon be initiated in patients with B-CLL at our institution. Rapamycin also might be combined with other chemotherapeutic drugs because it was well tolerated in combination with other immunosuppressants and corticosteroids. 19, 20, 62 Further in vitro studies will deal with the effect of combination schedules of chemotherapeutic agents and rapamycin on cycling and resting B-CLL cells. DECKER 
